We used mitochondrial cytochrome b sequences (up to 778 bp) and starch gel electrophoresis (45 loci) to examine the phylogeographical history of 39 populations of the California newt, Taricha torosa . Phylogenetic and population genetic methods were integrated to infer history at deep and shallow time depths. Using a molecular clock, the subspecies T. t. torosa and T. t. sierrae were estimated to have diverged 7-13 Mya. Within T. t. torosa, genetically differentiated groups were identified along coastal California, in southern California, and in the southern Sierra Nevada. The coastal group exhibited isolation by distance, but a lack of genetic variation north of present-day Monterey was indicative of a recent range expansion. In southern California, a disjunct population in central San Diego County was genetically diverged from coastal populations to the north (Nei's genetic distance of 0.113). However, mtDNA and protein data were geographically discordant regarding the boundary between the coastal and southern Californian groups, and a biogeographical scenario was developed to account for this discordance. The southern Sierran clade of T. t. torosa was weakly diverged from coastal populations for mtDNA sequence variation, yet was strongly differentiated for allozyme variation (Nei's genetic distance of 0.17-0.20). Populations of T. t. sierrae exhibited substantial population structure, and showed a steeper pattern of isolation by distance than did coastal populations of T. t. torosa . These results are interpreted in consideration of the known geomorphological history of California. © 2006 The Linnean Society of London, Biological Journal of the Linnean Society , 2006, 89 , 213-239. ADDITIONAL KEYWORDS: allozymes -Bayesian analysis -biogeography -electrophoresis -haplotype network -isolation by distance -maximum likelihood -mismatch distribution -mitochondrial DNA.
INTRODUCTION
The history of species can be influenced profoundly by geomorphological evolution, such as mountain-building or the removal of barriers to dispersal. Such events affect patterns of genetic structure, and it is possible to infer the history of a lineage using molecular markers and to compare that history against known geological change (Avise, 2000; Brunsfeld et al ., 2001; Jockusch & Wake, 2002) . Multiple levels of divergence may be recoverable in the history of a lineage. For instance, vicariance events may be responsible for deep phylogeographical structure, such as reciprocally monophyletic lineages, while recent demographic episodes, such as range expansion or population bottlenecks, shape patterns of genetic diversity within and among populations (e.g. Kuchta & Meyer, 2001; Matocq, 2002; Carstens et al ., 2004; Mahoney, 2004; Kuchta & Tan, 2005) . Because of its geomorphological complexity, phylogeographical studies in western North America are particularly informative regarding the interaction of species diversification and landscape evolution (Yanev, 1980) .
Here we present a phylogeographical study of the California newt, Taricha torosa (Rathke), using mtDNA sequences and allozyme variation. Two subspecies of T. torosa are currently recognized, the coast Table 1 . Black symbols designate populations of T. t. torosa, and grey symbols designate populations of T. t. sierrae ; symbol shapes identify the types of data collected for each population: allozymes ( ᮀ ), mtDNA cytochrome b sequence ( ᭺ ), or both ( ᭛ ). The inset displays a region of denser sampling where T. t. torosa and T. t. sierrae contact. improved mtDNA sampling and a detailed survey of allozyme variation, we test the hypothesis populations in the southern Sierra Nevada are most closely related to coastal populations of T. t. torosa .
E VOLUTION OF THE C ALIFORNIAN LANDSCAPE
The formation of the coast ranges of central California is complex, and has influenced patterns of differentiation in many Californian species (Jockusch & Wake, 2001; Calsbeek, Thompson, & Richardson, 2003) . Prior to the early Pleistocene, the present-day Central Valley was inundated with seawater (Yanev, 1980) . Collision of the North American Plate with the Pacific Plate generated uplift, and by 5-3 Mya the coast ranges, which originated as islands, were fully integrated with the North American Plate. This created a large marine embayment in the present-day Central Valley that drained out through the Monterey Bay region (Dupré, 1990; Sims, 1993; Hall, 2002) . Today, the Central Valley drainages exit via Carquinez Strait into San Francisco Bay, but this route is only 600 000 years old (Sarna-Wojcicki et al ., 1985) . The Monterey Bay region is consequently a major Californian biogeographical boundary, and many taxa show concordant phylogeographical breaks in this region (Wake, 1997; Calsbeek et al. , 2003) . The Sierra Nevada mountains are another major geological feature of biogeographical importance in California. The range is old, having existed since the late Cretaceous (House, Wernicke & Farley, 1998) , though there was a second period of uplift c . 5 Mya (Wakabayashi & Sawyer, 2001) . Recently, several phylogeographical studies have documented southern California and coast range lineages occupying the southern Sierra Nevada, to the exclusion of central Sierran lineages (summarized in Macey et al ., 2001; Calsbeek et al ., 2003) . In this paper, we interpret patterns of genetic and phylogenetic differentiation in T. torosa in light of the known geological history of the Californian landscape.
MATERIAL AND METHODS P ROTEIN ELECTROPHORESIS : LABORATORY TECHNIQUES AND POPULATION SAMPLING
Collections were made throughout the range of T. torosa (Table 1 ; Fig. 1 ). Specimens were sacrificed in 25% chlorotone, and heart, liver, and intestine were removed and frozen at − 70 ° C. Carcasses have been stored as vouchers in the Museum of Vertebrate Zoology (MVZ), University of California, Berkeley. Thirty-four enzymatic products encoded by 45 loci were surveyed (enzyme and buffer systems are provided in table 2 of Kuchta & Tan, 2005) , and standard methods of starch gel electrophoresis were employed (Murphy et al ., 1996; Tan, 1993) . Twentythree populations, totaling 198 individuals, were analysed (Table 1 ; Appendix). Fifteen of these populations were assignable to T. t. torosa , and eight to T. t. sierrae (Fig. 1 ). Four populations (34 individuals) of T. rivularis (Twitty) (Table 1 ) and 19 populations (109 individuals) of T. granulosa (Skilton) (Kuchta & Tan, 2005) were used as outgroups for phylogenetic analyses.
C YTOCHROME B SEQUENCE VARIATION : LABORATORY TECHNIQUES AND POPULATION SAMPLING Tan & Wake (1995) presented data on 20 cytochrome b haplotypes (up to 375 bp) from 22 populations (36 individuals) of T. torosa . These data, which we refer to here as dataset #1, have been incorporated into this study. Haplotypes in dataset #1 were amplified using the primers MVZ15 and Cytb2, corresponding to nucleotide positions 19 to 405 of the cytochrome b gene (Tan & Wake, 1995) . Sequencing was done on manual gels, and the protocol is described in detail in Tan & Wake (1995) . For this study we sequenced the cytochrome b gene (up to 778 bp) from an additional 26 individuals from 18 populations; this data is referred to here as dataset #2. Two of the individuals in dataset #2 were also used by Tan & Wake (1995) in dataset #1; we replaced those in dataset #1 with the new sequences because the newer sequences are longer. For dataset #2, the primers MVZ15 and MVZ16 were used to amplify the region between nucleotide positions 19 and 804 of the cytochrome b gene (Moritz, Schneider & Wake, 1992) . A 377 Automated Sequencer (Applied Biosystems, Inc.) was used and standard protocols were employed (details provided in Kuchta & Tan, 2005) . The combined cytochrome b dataset included 60 haplotypes from 37 populations within T. torosa (Table 1) . Three outgroup species were used in phylogenetic analyses, including two haplotypes of Notophthalmus viridescens (Rafinesque), 19 haplotypes (from 39 individuals) of T. granulosa (see Kuchta & Tan, 2005) , and two haplotypes (from six individuals) from three populations of T. rivularis . Five of the latter sequences were obtained for this study; one was presented in Tan & Wake (1995) . All sequences have been deposited in GenBank under accession numbers DQ196241-DQ196308.
P HYLOGENETIC ANALYSIS
For phylogenetic analyses, all available protein and mtDNA data for all species of Taricha were used (Table 1) , including data on T. granulosa presented in Kuchta & Tan (2005) . This was because increased phylogenetic accuracy may result from improved taxon sampling (Poe, 1998) .
Allozymes
Parsimony with step matrices was used to construct a phylogenetic hypothesis from the protein data (Mabee & Humphries, 1993) . Loci were scored as characters, and allelic combinations as character states (Mickevich & Mitter, 1981) . The gain or loss of an allozyme was scored as a single step, and thus ordered. For example, to go from character state 'ab' to state 'ac' is two steps, one for the loss of allozyme 'b' and one for the gain of allozyme 'c'. A complete step matrix was used to allow hypothetical common ancestors to possess character states not present in the operational taxonomic units (OTUs) if it was most parsimonious to do so (Mabee & Humphries, 1993) . The logic is that in going from one character state (for example, 'ab') to another ('cd'), it may be necessary to pass through character states not present in the OTUs ('bc'). This approach to parsimony performs well on real datasets (Wiens, 2000) .
The shortest trees were estimated with PAUP* 4.0b10 (Swofford, 2002) . A heuristic search option with ten random addition replicates was employed with the tree bisection-reconnection (TBR) branchswapping algorithm. The outgroup was designated as T. rivularis (Larson, Weisrock & Kozak, 2003) . Bootstrapping (Felsenstein, 1985) and decay indices (Bremer, 1994) were used to estimate levels of clade support.
Cytochrome b
To test for mutational saturation in the dataset, the absolute numbers of transitions and transversions at each codon position (1st, 2nd, and 3rd) were plotted against maximum likelihood (ML) distances (parameters chosen with Modeltest 3.06; Posada & Crandall, 1998) . The number of mutational differences is expected to increase linearly as a function of genetic distance when the data are unsaturated; mutational saturation is detected when greater genetic distances are not reflected in a greater number of mutational differences.
For ML analyses, the model that best fitted the cytochrome b data was determined using a hierarchical likelihood ratio test, as implemented in the program Modeltest 3.06 (Posada & Crandall, 1998) . The model chosen was Hasagawa, Kishino & Yano (1985) 's (denoted HKY), including a parameter for substitution rate heterogeneity among sites (Γ = 0.2160). Nucleotide frequencies under this model were estimated as: A = 0.3083; C = 0.3049; G = 0.1355; T = 0.2516. The transition/transversion ratio was estimated as 7.4275. All sites were assumed to be variable. The ML analysis employed a heuristic search routine, TBR branch swapping, and a starting tree estimated by neighbour-joining.
Bayesian phylogenetic analyses were conducted with MrBayes 2.01 (Huelsenbeck & Ronquist, 2001 ). The program MrModeltest 1.1 (Nylander, 2002) was used to estimate the simplest evolutionary model which fitted the data. The HKY (Hasagawa et al., 1985) model was chosen, including a gamma parameter. The analysis was initiated with random starting trees, and carried out for 2.0 × 10 6 generations. The Markov chains were sampled every 100 generations, for a total of 20 000 sample points. After excluding 'burn in' generations, a majority rule consensus tree was constructed. The percentage of times that a particular clade is recovered is its posterior probability (Larget & Simon, 1999; Lewis, 2001) .
To verify that the posterior probability values had not become 'stuck' on a local optimum, Bayesian analyses were repeated five times with different random starting trees. The log-likelihood values were compared to see that they had converged, and the posterior probabilities of the clades were compared for general congruence. In all runs, Metropolis-coupled Markov chain Monte Carlo methods (four 'heated chains') were used to improve the ability of the Markov chains to find alternate optima.
REGIONAL DIVERSITY: ALLOZYME VARIATION

Multidimensional scaling
Multidimensional scaling (MDS) was used to graphically depict the genetic similarity among populations. MDS is a class of ordination techniques that displays the complex relationships among populations in a small number of dimensions (Lessa, 1990) . The advantage of MDS is that it allows visualization of population similarity without imposing a hierarchical structure on the data, which may be an inappropriate assumption when dealing with intraspecific differentiation (Felsenstein, 1982; Lessa, 1990) . When interpopulational variation is a function of distance alone, MDS predicts that the first two dimensions will produce clustering patterns similar to a geographical map of the populations (Jackman & Wake, 1994; Tilley & Mahoney, 1996; Kuchta & Tan, 2005) . Note that genetically similar clusters do not necessarily identify historical relationships (clades) (de Queiroz & Good, 1997) .
MDS was performed using the program Statistica (StatSoft, Inc.). Data were input as a matrix of Nei's (1978) genetic distances (D N ), but Rogers's (1972) distances provided equivalent results (data not shown). Scree plots were used to determine the number of dimensions required to sufficiently accommodate the observed variation.
Isolation by distance
The accumulation of genetic differentiation among populations with increased geographical spread as a result of restricted dispersal relative to the geographical range was first explored by Wright (1943) , who termed the phenomenon 'isolation by distance' (IBD). IBD in this study was examined by plotting Nei's (1978) unbiased D N among pairwise population comparisons against geographical distance (see also Good & Wake, 1992; Jackman & Wake, 1994; Tilley & Mahoney, 1996; de Queiroz & Good, 1997; Kuchta & Tan, 2005) . Analyses using the method of Slatkin (1993) provided equivalent results (data not shown; see Kuchta, 2002) . Mantel tests (100 000 randomizations), which correct for the nonindependence among pairwise comparisons present in IBD plots, were used to test for a significant correlation between geographical and genetic distances (IBD). For regions showing significant IBD, reduced major axis (RMA) regression was used to calculate the slope, y-intercept, and coefficient of determination (r 2 ). The 99% confidence intervals for slope estimates were measured by jack-knifing over populations (1000 randomizations). Based on simulation data, Hellberg (1994) has shown that RMA regression is superior to ordinary least squares regression for this purpose. The computer program IBD (Bohonak, 2002) was used to calculate Mantel tests and RMA regression statistics.
One can also analyse the genetic relationships between regions (or clades). If two regions form a collection of demographically connected populations, a regression on inter-region comparisons will intersect the origin. In contrast, if there has been a restriction of gene flow between the regions, the regression will intersect above the origin (see also Good & Wake, 1992; de Queiroz & Good, 1997) . For comparisons of IBD between regions (which lacked within-region comparisons), Mantel tests could not be calculated, and the program RMA 1.16 (Bohonak, 2004) was used to find the best-fit line. However, because of the nonindependence among datapoints, between-region regressions are presented here as a visual aid only, and should be interpreted with caution.
REGIONAL DIVERSITY: CYTOCHROME B
Diversity indices
Genetic diversity indices were used to compare patterns of genetic diversity among lineages. Diversity indices were calculated: (1) for T. torosa, including both subspecies; (2) separately for the subspecies T. t. torosa and T. t. sierrae; (3) for three mtDNA clades within T. t. torosa (the coastal, southern Californian, and southern Sierran clades). Computed diversity indices included: (i) haplotype diversity, h, the probability that two randomly selected haplotypes were different from each other; (ii) nucleotide diversity, π, the average number of nucleotide differences per site between two sequences; (iii) sequence diversity, κ, the average number of nucleotide differences between paired sequences (Nei, 1987) . DNAsp 4.0 (Rozas et al., 2003) was used for all calculations.
Haplotype networks
Haplotype networks, which depict population-level genealogical relationships, are useful at low levels of divergence when gene trees may not be bifurcating, and thus the hypothesis of a hierarchical relationship among haplotypes is violated. Haplotype networks using statistical parsimony were generated with TCS 1.13 (Clement, Posada & Crandall, 2000) .
Mismatch distributions
Histograms of the number of pairwise mutational differences among haplotypes, or 'mismatch distributions', were used to distinguish population differentiation from range expansion. Under a model of recent population expansion, a mismatch distribution will resemble a Poisson distribution (Slatkin & Hudson, 1991) . Conversely, with population differentiation, a mismatch distribution becomes multimodal. We generated mismatch distributions for populations from a number of geographical regions, and compared these distributions to the distribution expected under a step-wise expansion model (Schneider & Excoffier, 1999) ; significance was assessed via parametric bootstrapping of the dataset (10 000 replicates). All analyses were done with Arlequin 2.001 (Schneider, Roessli & Excoffier, 2000) . Tan & Wake (1995) estimated the rate of cytochrome b sequence divergence in Taricha by calibrating with North American salamandrid fossils . Their estimate was 0.8% divergence per Myr. We employed this clock to estimate the timing of biogeographical events within T. torosa. Genetic distances within and among clades of T. torosa were estimated using both uncorrected sequence divergence and ML estimates of divergence. Estimates of divergence were corrected for ancestral polymorphism using the equation
Molecular clock estimation
where D x and D y designate average divergence within different clades and D is the total average divergence between clades (Avise & Walker, 1998; Matocq, 2002) . The method factors out retained ancestral polymorphism in estimating divergence among clades, assuming that historic levels of diversity are similar to present-day levels. This may be an inappropriate assumption for various reasons (e.g. the coastal clade of T. torosa appears to have undergone a diversity-reducing range expansion in the past), but it remains a simple, reasonable method for accounting for ancestral variation. Because of the difficulties of using molecular clocks to estimate the time since divergence (Hillis, Moritz & Mable, 1996) , age estimates in this paper should be interpreted with caution.
RESULTS PHYLOGENETIC ANALYSIS: ALLOZYME VARIATION
Parsimony
In the allozyme dataset, 30 loci were phylogenetically informative, three variable loci were uninformative for parsimony, and 12 loci were monomorphic. A maximum of five allozymes was found at any one locus. A parsimony analysis resulted in 1318 most parsimonious trees, each 243 steps long. Figure 2 is a strict consensus of these trees. The consistency index was 0.502 (rescaled CI = 0.418), and the retention index (RI) was 0.834.
T. rivularis and T. granulosa both formed monophyletic clades. The clade representing T. rivularis was supported strongly, with bootstrap support of 100% (decay index (DI) = 15 steps); T. granulosa had a bootstrap support of 91% (DI = 8). The monophyly of T. torosa was also monophyletic, though this is not statistically supported (bootstrap support < 50%; DI = 1). In addition, there was limited support for phylogenetic structure within T. torosa. Nonetheless, the results are reasonable on geographical grounds, and the tree is congruent in many respects with the mtDNA phylogeny and other analyses (results described below). In T. torosa, the disjunct southern Californian population (population 1) was sister to a clade consisting of all the coast range populations (populations 3-17). A southern Sierran clade (populations 18-20) was supported strongly (bootstrap support = 95%; DI = 4), and this clade was sister to the southern Californian + coastal clade (populations 1-17). Together, these three clades constituted T. t. torosa, which was sister to T. t. sierrae (30-38). Within T. t. sierrae, the northern Sierra Nevadan populations, 
Saturation curves
When ML distances were plotted against the absolute number of pairwise differences in transversions and transitions, some mutational saturation was detected (data not shown; see Kuchta, 2002) . First and second position transitions had minor saturation, but higher levels of saturation were found for third position transitions, especially within dataset #1, and between ingroup and outgroup taxa. There was no saturation in first and second position transversions, but minor saturation at the third position between ingroup and outgroup taxa was detected.
Maximum likelihood and Bayesian analyses
Five Bayesian runs with separate random starting trees converged on similar log-likelihood values after about 200 generations. To be conservative, the first 500 generations were excluded as 'burn in' from all runs, leaving 19 500 trees. Majority rule consensus trees were constructed for each run, and all five runs had identical topologies. Thus, the posterior probability values likely did not become stuck on local optima. The ML and Bayesian analyses resulted in very similar trees, and are discussed together here (Fig. 3) . 
Notophthalmus viridescens
In both Bayesian and ML analyses, T. rivularis was monophyletic (bootstrap support = 91%; posterior probability = 100%), and was sister to a T. torosa + T. granulosa clade. However, this latter clade lacked statistical support. The monophyly of T. torosa had moderate support (bootstrap support = 66%; pp = 98%), but the two described subspecies were recovered with stronger support (T. t. torosa: bootstrap support = 84%, pp = 100%; T. t. sierrae: bootstrap support = 89%, pp = 100%). Within T. t. torosa, the southern Sierran clade (bootstrap support = 66%; pp = 99%) was sister to a poorly supported, unresolved coastal clade (bootstrap support and pp < 50%). The southern Californian clade (populations 1-4; bootstrap support = 91%; pp = 99%) was sister to the coastal + southern Sierran clade. The major feature distinguishing the Bayesian and ML trees was that in the former (data not shown) coastal clade populations formed an unresolved polytomy that included the southern Sierran clade. Within T. t. sierrae, there were two monophyletic clades corresponding to the northern Sierra Nevadan (populations 35-38: bootstrap support = 57%; pp = 54%) and central Sierra Nevadan (populations 30-34: bootstrap support < 50%; pp = 72%) regions. Within the central Sierra Nevada, two haplotypes from Calaveras County (population 33) were located in different regions of the tree, one grouping with Eldorado County (population 34) to the north (bootstrap support = 78%; pp = 98%) and the other with populations to the south (bootstrap support = 85%; pp = 100%); in addition, the two sequences from the Eldorado County population were distantly related. Populations at the southern end of the central Sierra Nevadan clade (from Mariposa and Tulare Counties; 26-32) formed a strongly supported lineage (bootstrap support = 93%; pp = 100%).
Two important features differed between the trees generated by the allozyme and cytochrome b datasets (Figs 2 and 3) . First, the allozyme tree postulated the southern Sierran clade as sister to the coastal + southern Californian clade, whereas the cytochrome b phylogenies portrayed the southern Sierran clade as most closely related to the coastal clade. Second, the location of the geographical border between the coastal clade and the southern Californian clade was discordant between the two data types. In the allozyme data, the southern Californian region was composed of a single, disjunctly distributed population in San Diego County (population 1), while the coastal clade contained populations 3-17. In contrast, in the cytochrome b data, populations from San Diego (populations 1 and 2), Orange (population 3), and Riverside (population 4) Counties formed the southern Californian clade, while populations 5-17 composed the coastal clade. Table 2 displays the matrix of Nei's (1978) D N and Rogers's (1972) genetic distances among population samples. The allozyme frequencies within populations are provided in the Appendix. A scree plot suggested two dimensions to be adequate to summarize the observed variation (data not shown; see Kuchta, 2002) . The MDS analysis of T. torosa (Fig. 4) identified three clusters of populations, including the coastal cluster (populations 3-17), the southern Sierra Nevadan cluster (populations 18-20) , and the central and northern Sierra Nevadan clusters (i.e. T. t. sierrae; 30-38) . The single population in southern California (population 1) was distinct from these clusters. These clusters (and population 1) corresponded to the lineages identified in the parsimony analysis of the allozyme data (but differed from the mtDNA tree in some respects). Visually, the MDS analysis roughly resembled a plot of the populations of T. torosa on a map (compare Fig. 4 with Fig. 1 ). However, irregularities existed with respect to geographical relations. For example, the coastal and southern Sierran clusters were plotted as tighter groupings of populations than their geographical positions would predict. Additionally, in the coastal cluster, populations geographically closest to the southern Californian population were plotted the furthest away (populations 1 vs. 3, 6, and 9; Fig. 4) . In contrast to the coastal populations, the central and northern Sierran clusters (T. t. sierrae) were broad and organized loosely. In the central Sierra Nevada, populations 30 and 31 were distinctive in the second dimension, with populations 33 and 34 positioned between them. The northern Sierran cluster had higher values in the first dimension than did the central Sierran cluster, and was inverted relative to geography, with southern populations possessing higher values in the second dimension than did northern populations.
REGIONAL DIVERSITY: ALLOZYME VARIATION
Multidimensional scaling
Patterns of allozyme differentiation among multidimensional scaling clusters
Because our sample sizes were moderate (range, 3-10 individuals), we could not compare with a high degree of confidence allele frequency differences among populations (Rannala, 1995; Wiens & Servedio, 2000) . However, there were a number of patterns that made biogeographical sense and were concordant with other analyses (such as phylogenetic reconstructions), and below we present the most pertinent results; these should be interpreted with a degree of caution.
Within T. torosa, most MDS clusters (Fig. 4) possessed allozymes unique to that cluster and present in all populations of that cluster. Within T. torosa, the coastal cluster had such a pattern at two loci Nei's (1978;  below diagonal) and Rogers's (1972; above diagonal) genetic distances between population pairs. Population numbers correspond to Fig. 1 (GDAb, LA1a; Appendix), the southern Sierran cluster at three loci (AAT1b, EST2d, CAH2c), and the central Sierran and central + northern Sierran (i.e. T. t. sierrae) clusters each at one locus (SODb and ACON2b, respectively). The southern Californian population (population 1) did not possess any unique allozymes, though it was differentiated strongly from the coastal cluster (populations 3-17) at several loci. For example, at the GDA locus, allozyme a was fixed in San Diego, and was found elsewhere only in San Luis Obispo County (population 8) at low frequency (12.5%).
All four clusters could also be distinguished from one another by several allozymes that showed substantial differentiation among clusters. The southern Californian population (population 1) and the coastal cluster (populations 3-17) had allozymes that were highly divergent at three loci: PGD, IDH1, and CAH1. At PGD, allozyme c was present at high frequency in populations 2-5 of the coastal cluster, yet was absent from the southern Californian population (population 1). At the IDH1 locus, allozyme a was fixed in the southern Californian population (population 1), and was present at low frequency (19%) in population 3, yet was absent from any other population. Allozyme a of the CAH1 locus was fixed in the southern Californian population and absent from the coastal cluster, yet was also found in populations in the Sierra Nevada (populations 18-20, 30, 38 There was some evidence for allozymic differentiation between the two regions in the current study. For instance, the central Sierran cluster had a unique, fixed allozyme at the SOD locus, and an allozyme at the PGM locus (a) that was not found in the northern cluster. The northern Sierran cluster possessed a unique allozyme at the PGD locus that was present in all populations at a frequency of 45-50%, yet was absent from the central Sierran cluster, and two allozymes (a, c) at the PAP locus that were found in the northern Sierran cluster were absent from the central Sierran cluster.
Among-cluster divergence was reflected by Nei's (1978) Figure 5A shows the patterns of IBD for allozyme variation within the coastal and southern Sierran clades of T. t. torosa, and within T. t. sierrae. Allozyme frequencies were virtually identical in the southern Sierran clade, and there was no pattern of IBD (D N < 0.001 among all population comparisons). The (Nei, 1978) within coastal Taricha torosa torosa (᭺), southern Sierran T. t. torosa (), and T. t. sierrae (᭜). B-E, relationship between geographical and genetic distances for comparisons between regions. In all cases, lines are reduced major axis regression. Nei's (1978) (Fig. 5A) . Populations showed more differentiation per unit distance in T. t. sierrae than in the coastal clade of T. torosa (Fig. 5A) : the 99% confidence interval of the IBD slope was 0.00018-0.00045 for T. t. sierrae, and 0.000015-0.000071 for the coastal clade of T. t. torosa. These were nonoverlapping and thus significantly different.
Isolation by distance
Figure 5B-E shows the relationships between geographically adjacent regions. Comparing the southern Californian population with the coastal clade of T. t. torosa, genetic distance decreased with increasing geographical distance, and the y-intercept was D N = 0.14 ( Fig. 5B) . Comparing the coastal and southern Sierran clades of T. t. torosa, genetic distance also decreased with increasing geographical distance, and the y-intercept was D N = 0.22 (Fig. 5C ). Comparing the southern Sierran clade of T. t. torosa with the central Sierran populations of T. t. sierrae (populations 30-34), the slope of RMA regression was again negative, and the y-intercept was at D N = 0.20 (Fig. 5D ). Unlike the other comparisons (Fig. 5B-D) , comparison of the central and north Sierran clusters of T. t. sierrae showed a positive correlation between genetic and geographical distance (Fig. 5E) ; the y-intercept was D N = 0.06.
REGIONAL DIVERSITY: CYTOCHROME B
Patterns of regional sequence diversity were estimated with mismatch distributions, haplotype networks, and diversity indices. A mismatch distribution of all T. torosa populations, including T. t. torosa and T. t. sierrae, was strongly bimodal (Fig. 6A) , and differed significantly from a stepwise expansion model (P = 0.04). The peak on the left of Figure 6A (low x-axis values) displays comparisons within T. t. torosa (including the southern Sierra Nevadan populations) and within T. t. sierrae; the peak on the right (high xaxis values) is the outcome of comparisons between the two subspecies.
A mismatch distribution of the subspecies T. t. torosa (Fig. 6B ) was weakly bimodal but not significantly different from that expected under an expansion model (P > 0.05). When only the coastal clade of T. t. torosa was considered (populations 5-17), the resulting mismatch distribution was similar to an expanding population (Fig. 6C) . A haplotype network (Fig. 7A) showed a region of genetic uniformity in the San Francisco Bay region (populations 12-17), where seven sequences from five counties had identical mtDNA haplotypes. A mismatch distribution could not be calculated for the San Francisco Bay region due to the absence of nucleotide variation, but this lack of diversity suggests a recent colonization of the region.
Haplotype diversity (h) and sequence diversity (κ) were lower in the coastal clade than in the southern Californian and southern Sierran clades (Table 3) .
In contrast with the coastal clade, the southern Californian clade of T. t. torosa (populations 1-4) had a mismatch distribution (Fig. 6D ) that differed significantly from that expected under an expansion model (P = 0.02). The haplotype network (Fig. 7A ) was informative in its arrangement of the southern Californian clade, with the southernmost population in the southern Californian clade (population 1) more closely related to populations 8-9 than it was to populations 2-4. San Luis Obispo (population 7), Los Angeles (populations 5 and 6), and Monterey (population 10) were ambiguous in their relations (Fig. 7A) .
Populations of the southern Sierran clade of T. t. torosa had a mismatch distribution consistent with an expanding population (Fig. 6E) . A haplotype network linked the southern Sierran clade with coastal clade populations, but the source population was unclear, with the haplotype network showing connections to both Los Angeles and San Francisco Bay haplotypes (Fig. 7A) .
The T. t. sierrae clade was trimodal in its mismatch distribution (Fig. 6F) , and though it did not differ significantly from an expansion model, it approached significance (P = 0.07). The haplotype network (Fig. 7B) showed substantial structure, reflecting geographical relationships quite well, except for the lack of a connection between Calaveras and Mariposa counties. Sequence diversity (κ) and nucleotide diversity (π) were higher in T. t. sierrae (7.261, 0.022, respectively) than they were in T. t. torosa (3.735, 0.012); haplotype diversity (h) was similar in the two clades (Table 3 ). In addition, h, κ, and π measures were higher within both the central and the northern clades of T. t. sierrae than they were within any subclade of T. t. torosa (Table 3) . Taken together, cytochrome b sequence variation was consistent with the allozyme data in suggesting that T. t. sierrae is more highly structured than is T. t. torosa.
Divergence times
Based on the average percent sequence divergence between clades, corrected for within-clade divergence, and assuming a rate of 0.8% sequence divergence per Myr at cytochrome b (Tan & Wake, 1995) , T. torosa was estimated to have begun diverging in the Pliocene, with the split between T. t. torosa and T. t. sierrae dating to 7-13 Mya (pairwise sequence divergence/ML estimate of sequence divergence). Within T. t. sierrae, the northern and central Sierran clades diverged from one another roughly 2.6-3.4 Mya. Within T. t. torosa, populations colonized the southern Sierra Nevada 1.4-1.7 Mya. In southern California, the southern Californian clade and coastal clade were estimated to have diverged 1.9-2.3 Mya. Within the southern Californian clade, San Diego (population 1) and Orange County (population 2) populations were estimated to have diverged roughly 875 000 years ago, but the associated haplotypes differed by only two substitutions. At the northern end of the coastal clade, the San Francisco Bay area populations (populations 12-17) were estimated to have diverged from populations south of Monterey (populations 5-10) between 0.375 and 1.1 Mya, depending on which populations were designated the ancestral source (Fig. 7A ).
DISCUSSION
Multiple levels of divergence were found in T. torosa, including deep (i.e. phylogenetic) and shallow (e.g. IBD) differentiation. Phylogenetic analysis of the allozyme and mtDNA datasets recovered two major clades. One corresponded to T. t. torosa, and was distributed throughout coastal California, as well as in the southern Sierra Nevada. The other clade identified T. t. sierrae, and included the central and northern Sierra Nevada and extreme southern Cascades (Fig. 1) . The distribution of these clades contradicts customary taxonomy in that T. t. sierrae was previously considered to occupy the entire length of the Sierra Nevada (Twitty, 1942; Stebbins, 2003) . The finding of populations of T. t. torosa in the southern Sierra Nevada was not anticipated prior to Tan & Wake (1995 (Figs 2 and 3) . However, the geographical border between southern Californian and the coastal clade was discordant between the two data types. According to the allozyme phylogeny, the coastal clade extends from Orange County (population 3) in the south to Lake County (population 17) in the north, with a disjunct southern Californian population (San Diego County, population 1) sister to this clade (Fig. 2) . In contrast, the mtDNA phylogeny supported the monophyly of a more northerly distributed southern Californian clade, including populations in San Diego (populations 1 and 2), Orange (population 3), and western Riverside (population 4) Counties (Fig. 3) . The southern limit of the coastal mtDNA clade was located in Los Angeles County (populations 5 and 6). In the allozyme data, Nei's (1978) D N between the San Diego (population 1) and Orange County (population 3) populations was 0.113, while the Los Angeles (population 6) and Orange County (population 3) populations were nearly genetically identical (D N = 0.001). Our sample sizes were moderate, but it is unlikely that random sampling error was responsible for the discordance between the allozyme and mtDNA datasets. In the mtDNA dataset, the monophyly of the southern Californian clade, including populations from San Diego, Orange, and Riverside counties, was supported statistically with high bootstrap (91%) and posterior probability (99%) values. With the allozyme data, our sample sizes ranged from three to ten individuals (Table 1) , but Nei (1978) has shown that, when genetic distances are large, small sample sizes can be compensated for by large numbers of loci. We examined 45 loci in this study (Appendix). Thus, while it would be unwise to compare weakly differentiated populations (e.g. among coastal clade populations), the larger genetic distances, such as those between the coastal clade (populations 3-17) and the southern Californian population (population 1), were very likely real (other instances of relatively large genetic distances are discussed below).
Joint consideration of the allozyme and mtDNA datasets allowed for a refined biogeographical scenario for populations inhabiting southern California. A molecular clock estimate based on mtDNA variation dated the split between the southern Californian clade and the coastal clade at 1.9-2.3 Mya. A haplotype network (Fig. 7A ) indicated the southernmost San Diego population (population 1) to be nested between coastal clade (populations 8 and 9) and southern clade (populations 2-4) populations, all of which were located to the north of population 1. This suggests that there existed a refugium in the vicinity of the southern limit of the range (e.g. population 1), followed by northward range expansion (Fig. 8A) . A molecular clock dated this event at roughly 875 000 years ago. Subsequent range shifts, perhaps as a result of Pleistocene climate change, again isolated newts in the south, but demographically connected the populations to the north (i.e. populations 2-4 with 5 and 6) (Fig. 8B) . Nuclear gene flow promoted genetic merger among these populations, yet the mtDNA remains as a relict of the historical association of populations 2-4 with population 1 (Fig. 8C) . In the geographically disjunct populations to the south, genetic drift and perhaps natural selection generated genetic divergence at nuclear loci.
Discordances among datasets are interesting because of what they reveal about the evolutionary process. Consider the conflict discussed above between the allozyme and mtDNA data in T. t. torosa in southern California (populations 2-4). Such a situation could be caused by natural selection, lineage sorting, genetic drift, or reticulate evolution, and may be common near and below the species boundary (Ruedi, Smith & Patton, 1997; Maddison, 1997; Ballard & Whitlock, 2004) . Discordance between allozyme and mtDNA borders has been documented in several salamander species, including plethodontids and salamandrids (García-París et al., 2003; Wake & Schneider, 1998; Mead, Tilley & Katz, 2001; Jockusch & Wake, 2002; Kuchta & Tan, 2005 Figure 7 . A, statistical parsimony haplotype network of all populations of Taricha torosa torosa. Lines between circles are one mutational step; when more than one mutation separates populations the number of hatch marks is the number of mutational steps. Black dots are inferred but unsampled haplotypes. The grey boxes highlight the southern Sierran clade and the southern Californian clade; the coastal clade is unshaded (Fig. 3) . The counties and population numbers of haplotypes are provided (Table 1 , Fig. 1) . B, haplotype network of all populations of T. t. sierrae. The northern clade is shaded; populations in the central Sierran clade are unshaded.
evolution of reproductive isolation, may be facilitate the evolution of discordances among datasets. Jockusch & Wake (2002), reporting on mtDNA and allozyme variation in the salamander genus Batrachoseps, make the case that mtDNA is often a remnant of deeper history, while allozymes are more informative regarding ongoing demographic interactions. Many discordances between allozyme and mtDNA data types are identified in Batrachoseps, and these are hypothesized to be the result of male-mediated gene flow promoting the merger of once-allopatric groups; mtDNA, in contrast, because of its maternally inherited nature and because females are highly philopatric, is more geographically stationary. Female philopatry may greatly extend the expected coalescence times of mtDNA lineages among subpopulations, because it results in small amounts of mtDNA gene flow (Hudson, 1990) . A similar geographical discordance between mtDNA and allozymes was found in the Plethodontid salamander genus Ensatina (Jackman & Wake, 1994; Alexandrino et al., 2005) , which exhibits a tension zone in allozyme frequencies about 50 km north of the contact zone between mtDNA clades (Moritz et al., 1992) . Male-mediated gene flow and relative female philopatry may have been the demographic cause of this discordance as well, as male Ensatina move larger distances on average than do females (Staub, Brown & Wake, 1995) . Male-mediated gene flow could also be responsible for the mtDNA/ allozymic discordance in T. torosa in southern California. Trenham (1998) has shown at a study site in coastal California that T. t. torosa males move more frequently between breeding ponds than do females. Earlier workers (Wolterstorff, 1935; Bishop, 1943 ) recognized the disjunct populations of newts in central San Diego county as a distinct species, but the distinctive morphological features (a 'warty' phenotype) were later determined to be the result of pathology (Brattstrom & Warren, 1953) . Riemer (1958) found the San Diego populations to be divergent morphometrically, but he did not remove warty newts from his sampling, and thus his evidence for the morphometric distinctiveness of the San Diego newts is dubious. The genetic data presented here do not support long-term evolutionary independence of the San Diego populations from the remainder of the coastal cluster. The mtDNA divergence between the southern Californian and coastal clades was shallow and discordant with the allozymic pattern. In addition, no unique allozymes were identified in the southern population (population 1), despite the distinctiveness of its allozyme profile. Thus, at this time populations in the Cayumaca mountains are best considered conspecific with coastal populations. Nevertheless, populations in the Cayumaca mountains are genetically differentiated, demographically independent, geographically disjunct, and have a history of isolation relative to the coastal populations. They therefore constitute a distinct unit for conservation (Moritz, 1994) . This is important, because current populations in southern California are small and seriously negatively affected by development and a number of ecological factors (reviewed in Kuchta, 2005) .
BIOGEOGRAPHY OF T. T. TOROSA IN THE COAST
RANGES OF CALIFORNIA Allozymic evidence identified slight differentiation within the coastal cluster: D N = 0.019 between Orange (population 3) and Lake County (population 17), Vedder & Howell, 1980; Hall, 2002) . Populations in the north (dark grey shading) and south (light grey shading) were separated 2.3-1.9 Ma. By 875 000 years ago, populations in the southern region had expanded northward. B, coastal populations to the north and populations derived from the southern California region contact. Southern populations are again isolated in present-day San Diego County. C, present-day distribution of T. torosa in southern California. The region with intermediate shading has mtDNA that is related to populations in the south, but an allozyme profile that is closely related to populations to the north.
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Santa Barbara located at either end of the distribution. Despite the low level of differentiation, the relationship of genetic distance to geographical distance was consistent with IBD ( Fig. 5A) . As with the allozyme variation, mtDNA divergence was low, with haplotypes differing by a maximum of 4 bp (Fig. 7A) . A mismatch distribution of all mtDNA haplotypes from Orange to Monterey County was consistent with an expansion model (Fig. 6C) , and populations north of Monterey (population 10) shared a single haplotype (Fig. 7A) . These results suggest that coastal California was colonized via two separate expansion events. The first expansion spread from southern California to Monterey County. Prior to the Pliocene, the coast ranges of central California were not connected to the remainder of California, but existed as islands rising out of the Pacific (Yanev, 1980) . During the Pliocene, uplift of the Tremblor range connected the Santa Ynez mountains in the south to the Gabilan and Santa Lucia Ranges, and the coast ranges south of Monterey were thus formed 5-3 Mya (Sims, 1993; Hall, 2002) . This is the earliest that populations of T. torosa could have expanded northward to the present-day Monterey region, though this could have occurred later. Dispersal northward of Monterey, however, was impeded by the vast drainage of an inland sea in the present-day Central Valley (Yanev, 1980; Dupré, 1990; Sims, 1993) . Beginning 2 Mya, continuing uplift of the Coast Ranges (especially the Diablo Range) closed the outlet of the marine seaway (Sarna-Wojcicki et al., 1985) , and the Central Valley filled with fresh water, which drained out through the modern Salinas and Pajaro river valleys. Finally, 600 000 years ago, further uplift shifted the drainage of the Central Valley northward through the present-day Carquinez Strait and out the Golden Gate (Sarna-Wojcicki et al., 1985) . A complete lack of mtDNA variation and limited allozyme variation north of Monterey County suggests that T. t. torosa only recently expanded northward from the Monterey region (Fig. 1) . Application of a molecular clock indicated that this occurred between 0.375 and 1.1 Mya, which is consistent with known geological events.
The Monterey Bay region is an influential biogeographical barrier that has strongly impacted on the biogeography of many taxa with limited capacity to disperse across marine barriers. Many Pacific north-west salamanders have their southernmost limit at or near this barrier, including the long-toed salamander (Ambystoma macrodactylum), Pacific giant salamander (Dicamptodon ensatus), black salamander (Aneides flavipunctatus), Oregon salamander (E. eschscholtzii oregonensis), California slender salamander (Batrachoseps attenuatus), and the rough-skinned newt (T. granulosa). Other species reach their northern limit near Monterey Bay, including the Monterey salamander (E. e. eschscholtzii), the Santa Lucia Mountains slender salamander (B. luciae), and the Gabilan Mountains slender salamander (B. gabilanensis). The yellow-eyed salamander (E. e. xanthoptica) has a distribution similar to that of T. t. torosa north of Monterey Bay, and the Monterey Bay drainage may have been a barrier separating E. e. oregonensis from E. e. eschscholtzii and E. e. xanthoptica (Wake, 1997) . Finally, the arboreal salamander (An. lugubris), though distributed north of Monterey Bay, has a mtDNA diversity pattern indicating that Monterey Bay was a barrier in this species as well, with northward expansion following closure of the seaway (Jackman, 1993) , as with T. t. torosa. Note that two salamander species that originated south of Monterey Bay have expanded northward, but no salamander species originating in the north have moved southward. This may be due to habitat differences north and south of Monterey Bay. Aside from isolated pockets of habitat, the northern end of Monterey Bay marks the southern extent of coniferous forest. In contrast, drier oak woodland and chaparral is common south of Monterey bay, and these habitat types extend northward on the inland side of the coast ranges. Consistent with this interpretation, T. torosa populations north of Monterey Bay have an inland distribution, while populations south of Monterey are distributed coastally (Fig. 1) .
BIOGEOGRAPHY OF T. T. TOROSA IN THE SOUTHERN
SIERRA NEVADA Allozyme diversity within the southern Sierran clade was quite limited; Nei's D N was < 0.001 between all population comparisons (Table 2 ). In addition, a mtDNA mismatch distribution for the southern Sierra Nevadan clade fitted the predictions of a range expansion model (Fig. 6E) . These results are consistent with the populations colonizing the Sierra Nevada undergoing a founder event that severely reduced genetic diversity. The close relationship of southern Sierran haplotypes to the coastal clade of T. t. torosa (Fig. 7A) suggests that this colonization was recent, 1.4-1.7 Mya according to a molecular clock. In contrast to the lack of allozyme diversity within the clade, Nei's D N between the southern clade and the coastal clade was high, around 0.20. Three loci possessed unique, fixed allozymes in the southern Sierran clade (AAT1, EST2, CA2) (Appendix). These may be newly evolved, though they could represent low-frequency allozymes located elsewhere (our sample sizes were not sufficient to detect rare allozymes reliably: Rannala, 1995; Wiens & Servedio, 2000) . It is also interesting to note that three loci (ADH1, GDA, and LA1) had allozymes that were fixed in both T. t. sierrae and the southern Sierran clade of T. t. torosa, but were absent from the coastal and southern Californian clades of T. t. torosa. These loci are candidates for adaptive spread across the contact zone between T. t. torosa and T. t. sierrae, though much more research and larger samples are required to determine this. As with T. torosa, other taxa have been found in which the southern Sierra Nevada is occupied by a lineage related more closely to lineages in southern California or the coast ranges than to those in the remainder of the Sierra Nevada. Examples include, among others, the frog Rana muscosa (Macey et al., 2001) , the salamander E. eschscholtzii (Moritz et al., 1992; Jackman & Wake, 1994) and the woodrat, Neotoma fuscipes (Matocq, 2002) . This pattern has been identified and summarized by Macey et al. (2001) and Calsbeek et al. (2003) . However, a specific geological or climatic explanation has yet to be identified.
DIVERGENCE WITHIN T. T. SIERRAE IN THE
SIERRA NEVADA Taricha t. sierrae was found to be highly divergent genetically, with higher levels of allozymic (Fig. 4) and mtDNA ( (Fig. 5A) . The increased differentiation within T. t. sierrae relative to T. t. torosa may be a consequence of the topographical and geological complexity of the Sierra Nevada, which has high elevation ridges separating major river valleys, reducing the demographic connectedness among populations. In addition, in contrast to the coast ranges, the Sierra Nevada is well over 50 Myr old (House et al., 1998; Wakabayashi & Sawyer, 2001 ) and thus predates the T. t. sierrae lineage. The data suggest that T. t. sierrae has been a long-term occupant of the Sierra Nevada. Based on mtDNA sequence data, Tan & Wake (1995) recognized two genetic groups within T. t. sierrae, corresponding to the northern and central regions of the Sierra Nevada. The current phylogenetic analysis of the mtDNA data also portrayed monophyletic northern and central clades, though they lacked solid statistical support (Fig. 3) . In a phylogenetic analysis of the allozyme data, the northern clade was monophyletic (bootstrap support = 70%; DI = 3); however, the central clade was paraphyletic and was poorly supported statistically (Fig. 2) . IBD in allozymes was found between the central and northern regions, but the y-intercept was greater than zero (D N = 0.06), indicating that the two regions are more genetically divergent than IBD alone would predict (Fig. 5E) . Thus, the above analyses suggest some degree of historical or demographic separation between central and northern Sierran populations of T. t. sierrae. However, there is also a large amount of differentiation within the central and northern regions. For example, in the mtDNA data, haplotype, sequence, and nuclear diversity were higher within the central and northern clades of T. t. sierrae than they were within either the coastal, southern Californian, or southern Sierran clades of T. t. torosa (Table 3) . Additionally, an MDS analysis of the allozyme data failed to show the central and northern regions as discrete: some between-region Euclidean distances were shorter than were many within-region distances. Taken together, the results of this study suggest that T. t. sierrae is best considered as a highly differentiated evolutionary unit rather than two discrete, evolutionarily independent lineages.
CONCLUSIONS
Using molecular genetic tools, we inferred the phylogeographical history of the California newt, T. torosa. The history is complex, including allopatric divergence among lineages, IBD within geographical regions, and range expansion into new terrains. These results are consistent with what is understood of the elaborate geomorphological evolution of the California landscape. Our approach to phylogeography integrated a diversity of phylogenetic and population genetic methods for exploring deep and shallow time depths. We also included both mtDNA sequence data and nuclear allozyme data, and in some instances the two datasets recorded discordant signals. By including multiple marker types, understanding of the phylogeography of T. torosa was refined and improved. We thus suggest that workers should be cautious about making phylogeographical inferences on the basis of a single data type, and we agree with Moritz et al. (1992) that mtDNA data alone should not be used to diagnose species.
We have shown that the distributional ranges of T. t. torosa and T. t. sierrae are different from those previously thought, with populations in the southern Sierra Nevada being most closely related to coastal T. t. torosa. Because T. t. torosa and T. t. sierrae are monophyletic lineages, with deep mtDNA and allozymic divergence, and because the lineages are relatively old, some workers may recognize two separate species. However, work on the systematics of T. torosa continues, including a study of the contact zone between T. t. torosa and T. t. sierrae in the vicinity of the Kaweah River in Tulare County, California (Fig. 1) . In the interests of taxonomic stability, we withhold judgement on the taxonomy of T. t. sierrae and T. t. torosa until the ongoing work is completed (S. Kuchta, unpubl. data). 1.000
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